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H I G H L I G H T S

• Pollen is a primary cause of Allergic Rhi-
nitis in Rocklea, Queensland, Australia.

• Exposure to subtropical pollen is diffi-
cult to discern by light microscopy.

• rbcL meta-barcoding of the pollen sea-
son identified several taxa to genus
levels.

• Chloridoideae and Panicoideae pollen
were the dominant Poaceae pollen
source.

• Sequencing of routinely collected pollen
may track seasonal changes in diversity.
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The importance of grass pollen to the global burden of allergic respiratory disease iswell established but exposure to
subtropical and temperate pollens is difficult to discern. Currentmonitoring of airbornepollen relies on lightmicros-
copy, limiting identification of taxa to family level. This informs seasonal fluctuations in pollen aerobiology but re-
stricts analysis of aerobiological composition. We aimed to test the utility of DNA metabarcoding to identify
specific taxa contributing to the aerobiomeof environmental air samples, using routine pollen and sporemonitoring
equipment, as well as assess temporal variation of Poaceae pollen across an entire season. Airborne pollen concen-
trations were determined by light microscopy over two pollen seasons in the subtropical city of Brisbane (27°32′S,
153°00E), Australia. Thirty daily pollen samples were subjected to high throughput sequencing of the plastid rbcL
amplicon. Amplicons corresponded to plants observed in the local biogeographical region with up to 3238 different
operational taxonomic units (OTU) detected. The aerobiome sequencing data frequently identified pollen to genus
levels with significant quantitative differences in aerobiome diversity between the months and seasons detected.
Moreover, multiple peaks of Chloridoideae and Panicoideae pollen were evident over the collection period
confirming these grasses as the dominant Poaceae pollen source across the season. Targeted high throughput se-
quencing of routinely collected airborne pollen samples appears to offer utility to track temporal changes in the
aerobiome and shifts in pollen exposure. Precise identification of the composition and temporal distributions of air-
borne pollen is important for tracking biodiversity and for management of allergic respiratory disease.

© 2020 Elsevier B.V. All rights reserved.

Science of the Total Environment 747 (2020) 141189

⁎ Corresponding author at: Queensland University of Technology (QUT), Level 11 Bancroft Building, QIMR Berghofer 300 Herston Road, Herston, QLD 4101, Australia.
E-mail address: j36.davies@qut.edu.au (J.M. Davies).

https://doi.org/10.1016/j.scitotenv.2020.141189
0048-9697/© 2020 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.141189&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.141189
mailto:j36.davies@qut.edu.au
https://doi.org/10.1016/j.scitotenv.2020.141189
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


1. Introduction

Allergic rhinitis (AR) afflicts 500 million people worldwide, ad-
versely impacting quality of life (Katelaris et al., 2012; Pawankar et al.,
2011). The importance of grass pollen to the global burden of AR has
been well established.While subtropical and temperate grass pollen al-
lergens show distinct immunological reactivity, the environmental ex-
posure to different grass pollens remains unknown (Davies et al.,
2005; Davies et al., 2011a; Nony et al., 2015; Weber, 2007; Kailaivasan
et al., 2020). With climate change it is predicted that the burden of AR
will increase and that subtropical climate zones will expand, thus in-
creasing the contribution of subtropical grasses to allergic disease
(Beggs and Bennett, 2011; Morgan et al., 2011). Using current pollen
monitoring and forecasting methods, the biogeographical distribu-
tion of species, their composition across regions, and their seasonal
fluctuations remain unknown. This is especially the case in subtrop-
ical regions where the identification of new and novel allergens is a
recent and ongoing process (Campbell et al., 2015; Davies et al.,
2008; Davies et al., 2011a; Davies et al., 2011b). More precise identi-
fication of local pollen exposures that contribute to allergic respira-
tory disease burden would be advantageous for better self- and
clinical management of AR patients.

Currently, pollen monitoring methods depend on light microscope-
based identification and counting of pollen in collected air samples.
This is highly labour-intensive and for most types of pollen, including
grass, is not effective in classifying pollen beyond family level (Hirst,
1952; Thibaudon et al., 2013). The inability to identify pollen beyond
family level reduces the accuracy of the existing pollen monitoring
process, whereby the pollen of numerous species, particularly the
grasses, is morphologically identical by light microscopy. Accurate
identification of grass pollen to subfamily or further to the genus
level is important because the pollen of separate subfamilies differ
in the specificity of the immune response they elicit for patients de-
pending on their sensitisation profile (Chabre et al., 2010; Davies
et al., 2011a; De Weger et al., 2011; Etto et al., 2012; Nony et al.,
2015; Kailaivasan et al., 2020).

A range of alternative techniques for pollen classification have been
pursued including digital image based-detectors (Landsmeer et al.,
2009), spectroscopic techniques (Rittenour et al., 2012) and DNA-
based approaches (Longhi et al., 2009).

With the advent of Next Generation Sequencing (NGS) combined
with DNA metabarcoding (Bell et al., 2016b; Cristescu, 2014), DNA-
based analysis of aerobiological surveys has shown great promise as a
technique for identification and quantification of mixed pollen and en-
vironmental samples (Keller et al., 2015; Kraaijeveld et al., 2015;
Núñez et al., 2017; Leontidou et al., 2018; Brennan et al., 2019).
Metabarcoding involves analysis of amplified fragments of DNA
(barcode) from well conserved genes in a heterogenous biological
sample. These barcodes should have highly similar sequences within
taxa and yet contain enough variability to allow taxonomic identifi-
cation. The capacity for pollen DNA metabarcoding to be transferred
from laboratory experiments or small-scale environmental trials, to
its application across a complete pollen season is only now being
tested.

Kraaijeveld et al. (2015) demonstrated that metabarcoding in com-
bination with NGS provided an accurate qualitative and quantitative
view of the species composition applied to a small number of environ-
mental airborne pollen samples. This method identified individual
grass genera present in a mixed sample of grass pollen. With regards
to routine pollen monitoring apparatus, Núñez et al. (2017) established
that high-throughput DNA sequencing applied to aerobiological
samples obtained with Hirst spore traps, can provide reliable results
and be implemented to monitor a diverse array of prokaryotic and
eukaryotic species.

While several studies report characterising pollen sources across a
limited sample set, few studies have applied metabarcoding across an

entire pollen season nor examined the seasonality of pollen exposure
using routine environmental air samples collected with a Hirst-style
pollen and spore trap. Brennan et al. (2019) undertook a well-defined
study, using a cyclonic sampler, of the temperate grass pollen season
of Great Britain with the intent to explore whether temporal turnover
in species composition match terrestrial flowering or whether species
richness steadily accumulates over the grass pollen season. They discov-
ered that grass species exhibited distinct, temporally constrained peaks
of pollen release, which varied with latitude and longitude throughout
Great Britain, showing that the taxonomic composition of temperate
grass pollen exposure changes across the grass pollen season. We
have studied a subtropical region for which there are no data on air-
borne species composition. The present study aimed to test the applica-
bility of an emergent metabarcode technique for the analysis of the
pollen aerobiome from routinely collected environmental air samples
over a complete pollen season using a Hirst-style continuous flow im-
paction sampler, with the goal of classifying taxa to the genus level. A
further aim was to examine whether this method could explore sea-
sonal variation in an exemplary subtropical region to both track the
grass pollen season, compare the accuracy of manual pollen counting
versus metabarcoding as well as reveal the broad genus level diversity
of a little researched subtropical environment. Specifically, we examine
whether multiple peaks in airborne grass pollen observed (Green et al.,
2002;Medek et al., 2016)were due to flowering ofmultiple genera suc-
cessively or repeated flowering of the same Poaceae genera over the
season.

2. Material and methods

2.1. Sampling site

Aerobiological samples were collected from a subtropical region in
south-east Queensland, Australia using a continuous flow volumetric
Burkard seven day pollen and spore trap (Burkard Manufacturing, UK)
locatedwithin a peri-urban suburb of the city of Brisbane called Rocklea
(latitude (S) 27°32′; longitude (E) 153°00′). This area has an elevation
of 13 m above sea level and the monitor height was placed 4 m above
the ground. According to Green et al. (2002), the vegetation around
the Rocklea site is typical of that of suburban Brisbane and is composed
of endemic and exotic species. The sampling site is located adjacent to a
grassy paddock surrounded by an open eucalypt woodland as well as
herbaceous and riparian communities.

Pollen wasmonitored daily over a 24-h period and collected at 9 am
each morning. There were two data collection periods for this study
consisting of a 12-week pilot project that took place during the summer
and autumn of the 2015 pollen season. Twelve daily samples were
analysed. The monitoring period of the 2016/17 pollen season
encompassed 225 days between 07.10.2016 to 18.05.2017. To represent
the 2016/17 pollen season, one daily sample every seven days, based on
consistent sample availability, was analysed.

2.2. Pollen collection

Pollen was collected with a 7-day drum on the lid assembly of the
volumetric pollen and spore trap (Burkard Manufacturing, United
Kingdom) used with Melinex® tape coated with a silicon-based adhe-
sive (Lanzoni s.r.l., Bologna, Italy). The exposed Melinex® tape was cut
into a 24-h segment. After 24 h of monitoring, the tape was collected
and half was cut longitudinally and placed into a 2 mL screw cap tube
and stored at −80 °C for future DNA extraction, the other half of the
tape was mounted on glass slides with fuchsine stained gelatine
mountant (Lanzoni s.r.l., Bologna, Italy) in preparation for manual
counting using light microscopy. Collected airborne pollen impacted
onto the tape was counted over four longitudinal transects at 400×
magnification. Pollen and spore counts were then converted to grains/
m3 of air according to the following calculation:
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where;[Pollen or Spore] - Atmospheric pollen grain or fungal spore con-
centration per cubic metre, n - Number of pollen grains or fungal spores
counted in the analysed area of themicroscope slide, L - Length of impac-
tion area on themelinex tape or glass slide (mm) e.g., 48mm,W -Width
of impaction area on themelinex tape or glass slide (mm) e.g., 14mm, F -
Field number written on the eyepiece (typically a number between
18mmand 25mm),M -Objectivemagnification (typically 40), N - Num-
ber of transects e.g. 4, D - Flow rate of the equipment (L/min) e.g., 10L/
min.t - Duration of the sampling period (min) e.g., 1440 min, and
expressed as a daily mean concentration (Beggs et al., 2018).

2.3. Pollen identification (light microscopy)

Pollen of twelve families (Fig. 1) based on abundance or allergenic
interest were identified and counted according to The Australasian Pol-
len and Spore Atlas (APSA), http://apsa.anu.edu.au.

2.4. DNA extraction

DNA extraction was based on a modified hexa
decyltrimethylammonium bromide (CTAB) technique, as de-
scribed by Rogers and Bendich (1985). Each sample consisted of a
2 mL screw cap tube containing half of the aerobiological sample. The
Melinex® tapewas carefully removed from the tubewith sterile forceps
and cut using sterile scissors longitudinally and then further into six
equal pieces (12 total), ensuring each piece was placed back into the
original tube. To each tube 500 μL of CTAB buffer (2% CTAB, 100 mM
Tris-HCL pH 8.0, 20 mM EDTA, 1.4 M NaCl, 3% polyvinylpyrrolidone,
0.2% β-mercaptoethanol) and 0.2 g of glass beads (425–600 μm diame-
ter) was added. Each tube was then placed into a Mini-Beadbeater-16
(BioSpec Products, Inc. Oklahoma) and the samples were lysed using
two 1-min cycles (3450 oscillations/min). Once homogenisation was
complete, samples were incubated at 68 °C for an hour and then centri-
fuged for 20 min at 15,120g (13,000 rpm). The supernatant was trans-
ferred to new tubes whereby a half volume of chloroform:isoamyl
alcohol (24:1) was added per sample and then spun for a further
20 min. The aqueous phase was transferred to new tubes and DNA
was precipitatedwith 1 volumeof cold absolute ethanol and 1/10th vol-
ume of 7.5 M ammonium acetate was added per sample. Samples were
then allowed to incubate overnight in a − 20 °C freezer to allow for

further DNA precipitation. The following day, DNAwas pelleted by cen-
trifugation for 20 min at 13,000 rpm. All subsequent steps describing
DNA pellet drying and resuspension followed the protocol of Rogers
and Bendich (1985) and samples were resuspended in 50 μL of
DNase/RNase free H2O.

2.5. PCR amplification

The large subunit of RuBisCo (rbcL) in plant chloroplasts was
targeted using modified primers designed to contain Nextera adapter
sequences (rbcL_1F: 5′- TCGTCGGCAGCGTCAGATGTGTATAAGAGAC
AGATGTCACCACAAACAGAGACTAAAGC-3′ and rbcL_599R: 5′-GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGGTAAAATCAAGTCCACCRCG-
3′), where the Nextera adaptor sequence is bolded and underlined
(CBOL Plant Working Group A DNA barcode for land plants, 2009).
rbcLwas a barcode recommended to reach the genus level of classifica-
tion (Kress et al., 2005; CBOL Plant Working Group A DNA barcode for
land plants, 2009). Because rbcL is a plastid marker, we hypothesised
it would be well detected within a pollen grain compared with any sin-
gle gene in the haploid nuclear genome Tang et al. (2009). Based on our
in silico analysis of plants observed in the Rocklea region by Green et al.
(2002) we observed that all species present in the local environment
could be distinguished to genus using the rbcL amplicon.

The length of target sequence varied depending on the species from
approximately 550-590 bp. The rbcL PCRwas performed in a 20 μL reac-
tionmixture containing 2 μL of extracted DNA template, 1× 10× Pfx am-
plification buffer, 1/10 volume of 10× Pfx Enhancer solution, 1.2 mM
MgCl2, 0.3 μM each primer, 0.3 mM dNTPs and 1 U Platinum® Pfx
DNA Polymerase (ThermoFisher Scientific). The PCR reaction program
consisted of: one cycle at 94 °C, 5 min; 40 cycles at 94 °C, 20 s; 55 °C,
20 s and 68 °C, 45 s; one cycle at 68 °C, 2 min; and held at 4 °C. All
PCR products were then purified utilising the Wizard® SV Gel and PCR
Clean-Up System (Promega) according to manufacturer's instructions,
in preparation for Illumina sequencing.

2.6. Illumina library preparation and sequencing

Preparation of the Illumina library was performed using the
workflow outlined by Illumina (#15044223 Rev.B). Purified DNA was
then indexed with unique 8 bp barcodes using the Illumina Nextera
XT 384 sample Index Kit A-D (Illumina FC-131-1002) in standard PCR
conditions with NEBNext® Ultra™ II Q5® Mastermix. Indexed
amplicons were purified using Agencourt AMPure XP beads (Beckman
Coulter) and pooled in equimolar concentrations and sequenced on

Fig. 1. Pie charts showing the distribution of manual pollen counts according to family-level classification per month across the Rocklea region 2016/17.
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the MiSeq Sequencing System (Illumina) using paired end sequencing
with V3 2 × 300 bp chemistry at the Australian Centre for Ecogenomics
according to manufacturer's protocol.

Control reactions incorporated in the amplicon library construction
and sequencing included: i) Positive amplification control from a
known mock community to monitor for bias in the amplicon library
construction, ii) Negative amplification control from a like processed
reagent control to monitor for contamination in library construction,
iii) Single well empty chamber controls within processing plates to
monitor for cross contamination within the library preparation and iv)
Negative control of four random well locations for sets of index
positions between runs to monitor for run to run bleed through
contamination within the instrumentation flow lines, designated as
in-line controls.

Samples producing aminimum of 10,000 raw reads with an average
Q30 of >70% over 600 bp paired end reads were progressed to data
analysis.

All sequencing data has been uploaded to the National Center for
Biotechnology Information, https://www.ncbi.nlm.nih.gov/ with the
corresponding BioProject ID number PRJNA579003.

2.7. Data analysis

Prior to data analysis, a custom rbcL reference library including 51
species observed in the Rocklea region was compiled (Green et al.,
2002; Moss, 1967).

Analysis using anAgilent TapeStation of amplicons prior to sequenc-
ing, indicated that sequences of 590 bp including the primer sequences
could be expected. This meant that the entire length of both forward
and reverse reads were required, including the end regions which
showed higher variation in sequence quality than ordinarily accepted.
To minimize errors due to low quality read ends prior to merging, the
paired end sequences were trimmed using Trimmomatic (Bolger et al.,
2014) applying a quality filter whereby a sliding window of 4 bases
was checked for an average quality score of ≥ 20. Reads which failed
this criterion or whose lengthwere less than 50% of the expected length
were discarded. Sequences were merged using PANDAseq (Masella
et al., 2012) and the primer sequences were trimmed off.

A standard Open Reference OTU picking (pick_open_reference_otus.
py; Rideout et al., 2014) from QIIME (Caporaso et al., 2010) was used,
with 99% similarity against our custom rbcL reference library (Software
parameters; Table S1, Supporting information).

OTUswith aminimum read count of 20 or less were excluded. Reads
were aligned using BLASTn against the NCBI nucleotide database
(Camacho et al., 2009; accessed on the 2nd of June 2018) utilising de-
fault parameters. The results were curated to select the best hits based
on the highest bit score in conjunction with having an identity ≥97%
and 100% coverage. Taxa with the same genus identification were com-
bined, while those that had nucleotide alignments showing equal per-
centage identity with different plant classifications were further
scrutinised based on records in the database Atlas of Living Australia
(ALA; www.ala.org.au). Those taxa with records at or near the Rocklea
site were chosen over other possible genera for classification. At least
27% of total OTUs studied required curation against ALA records. Se-
quences for remaining taxonomic units that could not be confidently
assigned to a genus were classified to the family level. Calculations of
temporal changes in pollen diversity across the months and seasons
were conducted utilising the R-package ‘vegan’ (Oksanen et al., 2013)
which provides tools for diversity and dissimilarity analysis and
ordination for community ecology, namely principal component (PCA)
and redundancy analysis (RDA). Specifically, the PERMANOVA package
was utilised to perform multivariate and two-way ANOVAs using dis-
tance matrices, of the aerobiological OTU data with method set to
Euclidean (method = ‘euc’) (Anderson, 2005). Likewise, calculations
of indicator values (fidelity and relative abundance) according to season
and month were conducted utilising the indval function in the R-

package ‘labdsv’ (Roberts, 2012). First, an unconstrained PCA was per-
formed to determine the largest gradient of variability across the sam-
ples through the calculation of synthetic variables (principal
components). This was followed by performing a constrained RDA ordi-
nation plot to assess if the explanatory variables, namely month or sea-
son, can explain the variation across the dataset. Sequence alignment
and editing was performed in Geneious Pro v. 7.1.9 (https://www.
geneious.com) using the Muscle Alignment option with default param-
eters. Phylogenetic tree construction was performed using FastTree 2.1
(Price et al., 2010) and PopART (Population Analysis with Reticulate
Trees) was utilised to construct median-joining networks (Bandelt
et al., 1999; Leigh and Bryant, 2015).

3. Results

3.1. Pilot study outcomes of 2015–2016 pollen season

In total 899,237 rbcL reads were obtained in the pilot study, which
accounted for an average of 74,936 [standard deviation (SD): 47,367;
median: 85,586] filtered reads per sample over the 12 environmental
samples. The 32 pollen taxa detected in 13 samples (12 daily +1 con-
trol) mostly corresponded to plants observed in the local region. Ampli-
fied products could be classified to the genus level (Fig. S1B, Supporting
information). Comparisons between pollen concentration data and
metabarcoding indicated thatDNA read counts emulated the family dis-
tributions for Poaceae, Asteraceae and Casuarinaceae, but there were
some observable differences (Fig. S1A, Supporting information).
Metabarcoding of routinely collected environmental pollen samples
allowed the detection of several other plant families that were not iden-
tified by light microscopy. Of particular note were the Fabacaeae and
Euphorbiaceae families represented by Albizia lebbeck, and Acalypha
spp. respectively, the latter of which is not a family counted by micros-
copy. The outcomes of the pilot suggest that the methodology could be
more broadly applied to environmental air samples collected across a
pollen season with Burkard pollen and spore sampler.

3.2. Sequencing output across the 2016–2017 pollen season

Over the 2016/17 pollen season 299,544 reads were obtained over
the 30 samples with an average of 9984 [standard deviation (SD):
4911; median: 9612] filtered reads per sample. The total number of in-
dividual OTUs identified after filtering was 3059 for the 2016/17 pollen
season, with a sequencing read count per OTU ranging from 96,234 to 2
reads. For testing the utility of the technique for detailed analysis of pol-
len diversity and temporal shifts throughout the pollen season, we
chose a count threshold of greater than 20 OTU reads. This resulted in
a sub-sample population of 345 OTUs being further scrutinised.

3.3. Summary of the 2016/17 pollen season (light microscopy)

Across the 225 days of the Rocklea pollen season between October
(2016) andMay (2017), we categorised pollen as belonging to 12differ-
ent botanical families by light microscopy (Fig. 1). Pollen not belonging
to these families were recorded as undetermined pollen. Total pollen
concentrations per month varied from 789 grains/m3 for October
(2016) through to 3945 grains/m3 in April (2017). Apart from the
month of November (2016) that had a substantial count of Fabaceae
present, Poaceae pollen predominated throughout the season with
1564 grains/m3 and comprised 55% of all taxa enumerated (Fig. 4A).
In particular, from December (2016) through to May (2017), grass spe-
cies made upwards of half of all species counted, with the months of
April and May (2017) consisting of more than 75% Poaceae (Fig. 1). In
descending order of pollen concentration throughout the season,
Fabaceae (377 grains/m3; 13.28%), Asteraceae (342 grains/m3; 12%),
Myrtaceae (102 grains/m3; 3.6%) and Cupressaceae (101 grains/m3;
3.6%) were the other significant families counted in Rocklea.
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The pollen season for Poaceae displayed multiple peaks of abun-
dance of airborne grass pollen with the highest peaks observed in
mid-January (Summer; 2017) and early to mid-April (Autumn; 2017)
(Fig. 2). The other families showed a distinct pollen season peak with
Fabaceae, Myrtaceae and Cuprassaceae flowering in spring around
early to mid-November (2016), and Asteraceae flowering in autumn
around early to mid-March (2017) (Fig. 2).

3.4. Analysis of the composition of routinely collected aerobiological
samples

The majority of OTUs from the 2016/17 Rocklea aerobiome could be
classified to the genus level (Fig. 3). Compared to light microscopy,
metabarcoding detected the twelve families counted by microscopy as
well as 34 additional families (Fig. S2, Supporting Information).

Metabarcoding results mirrored the abundance of genera per family
identified via microscopy in several cases, with Poaceae taxa being the
most frequently counted and comprising 38% of all pollen classified
when being compared to the 12 families recorded by microscopic
counting (Figs. 1, 3 and 4A). However, taxa classified as Fabaceae and
Asteraceae by light microscopy, contributed a more substantial propor-
tion of the pollen count than detected with metabarcoding, 13.28% vs
4.60% and 12% vs 0.65% respectively. Such differences in proportions
may be explained by the presence of pollen belonging to other families
not identified for which pollenwas assigned as “undetermined” by light
microscopy, such as Euphorbiaceae, which was the second most

frequent family detected via metabarcoding, followed by others such
as Plantaginaceae. In general, the difference in proportions between
the two techniques may be partly explained by classification of OTUs
into the 34 other families (Fig. 4B).

However, there was a low proportion of Asteraceae identified with
metabarcoding in the 2016/2017 season. While Asteraceae was the
third most prominent family identified by microscopy, it scored a rela-
tively low read count of 42 with sequencing (Fig. S2, Supporting
information).

3.5. Tracking temporal changes in pollen diversity

When considered at the family level of classification, a relationship
between read counts from the metabarcode data and pollen abundance
for those taxa identified via light microscopy was evident for Poaceae
(rs = 0.42; p-value = 0.0224) and Myrtaceae (rs = 0.57; p-value =
0.001), Cupressaceae (rs = 0.90; p-value = 6.79e-12), Casuarinaceae
(rs = 0.42; p-value = 0.02), Urticaceae (rs = 0.38; p-value = 0.04)
but not for all of 12 families combined (rs = 0.23; p-value = 0.45)
(Fig. S3, Supporting information). The ability ofmetabarcoding to differ-
entiate species distribution and aerobiological composition over time
was evident by performing multivariate analysis of variance using dis-
tance matrices upon pollen OTUs.

Utilisingmonth or season as treatment variables, we detected signif-
icant temporal changes (P ≤ 0.001) (Table S2, Supporting information)
in temporal distribution of airborne pollen composition. Principal

Fig. 2. Pollen Concentrations (grains/m3) counted by light microscopy for six of the most prominent families at Rocklea during the 2016/17 pollen season. Blue arrows indicate missing
data.
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components analysis (PCA) showed thatmany of the samples clustered
together based on their OTU compositions from the pollen samples
clustered according to the months within which the pollen samples
were collected, such as October, February, March, April and May
(Fig. 5A&B). Sample clusters were also differentiated according to sea-
son, particularly for spring and autumn, with principal component 1
and 2 explaining 35.1% of the variation. However, comparing the R2

values of the factors ‘month’ (0.38) or ‘season’ (0.18) to the R2 values
of the residuals, 0.62 and 0.82 respectively, shows that there was still
high variability not explained by ‘month’ or ‘season’ (Table S2,
Supporting information). Utilising both month and season as explana-
tory variables, multivariate analysis (RDA), explained 62.5% of the vari-
ation according tomonth and 99.4% of the variation according to season,
forming unique clusters related to time of the season (Fig. 5A&B).While
the RDA plots separated the points better than the PCA plot, and season
better than month, there were observable overlaps. The temporal ef-
fects of month and season explained some of the variation for ‘month’
and a substantial level of the variation for ‘season’ on the ordination be-
cause the % RD-1 and RD-2 axeswere high,which demonstrates the sig-
nificant effect these constrained variables have, particularly for ‘season’,
upon the composition and abundance of the pollen.

Analysis of indicator or discriminating (OTU) species, based on taxa
whose relative abundance acts as a proxy for a particular season or
month, revealed that this could only be undertaken accurately for spe-
cific seasons. Examples for the season of spring, showed both Callitris
spp. (cypress; Cuprassaceae) and Typha spp. (bulrush; Typhaceae)
were strong indicator species for this season with indicator values of
0.875 (P ≤ 0.001) and 0.7316 (P ≤ 0.001), respectively (Table S3,
Supporting information). This result was verified by heat map data of
OTU abundance, with sequence reads peaking in themonths of October
and November (Fig. 4B). Likewise, for the season of autumn (March to
May), Casuarinaceae spp. showed indicator species values as high as
0.6928 (P ≤ 0.001) (Table S3, Supporting information & Fig. 4B). There
were no indicator species that clearly defined the season of summer.
The closest OTU was that of Eleusine indica (crowsfoot grass) with an

indicator value of 0.6001 (P ≤ 0.005). But close inspection of the spread
of sequence reads revealed there were low numbers present in the
month of November 2016 (spring).

3.5.1. Utility of metabarcoding for tracking temporal changes in composi-
tion of grass pollen genera

Metabarcoding allowed a detailed breakdown of the classification
and distribution of grass species within the Rocklea aerobiome. We ob-
served that Chloris gayana (Rhodes grass; Sub-family: Chloridoideae)
was the most prolific flowering species, not just within Poaceae but of
all taxa analysed with 97,602 reads (Fig. 6A). Other prominent grasses
were Cynodon dactylon (Bermuda grass; Sub-family: Chloridoideae)
with 13,421 reads, Megathyrsus maximus (Guinea/Green Panic grass;
Sub-family: Panicoideae) with 10,843 reads and Paspalum spp. (com-
monly P. notatum; Sub-family: Panicoideae) with 5888 reads.

Median-joining network analysis showed that grass taxa clustered
together according to sub-family, with Panicoideae having the most
taxa identified but Chloridoideae had taxa with the majority of se-
quence reads (112,729 reads; Fig. 6B). Members from the Pooideae
sub-family were observed less frequently, with the genus Triticum hav-
ing the highest read count (2546).

When comparing peak flowering times observed by light micros-
copy of pollen with heat map data for the grass aerobiome, there is a
corresponding pattern between the two datasets with peak flowering
times in December (2016), January (2017), March (2017), April
(2017) and May (2017) observed (Fig. 6A). The data show that several
of the key flowering species, particularly Chloris gayana and Cynodon
dactylon, have no discrete flowering time but repeatedly contribute to
multiple pollen peaks during the summer and autumn seasons.

4. Discussion

This study has demonstrated that metabarcoding of routinely col-
lected environmental airborne pollen samples has potential to monitor

Fig. 3.Median-joining network of operational taxonomic units (OTU) presentwithin the Rocklea 2016/17 pollen aerobiome clustered utilising the rbcLmetabarcode. Each individual node
represents an individual OTU and each different colour denotes a different family-group.
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short-term temporal changes in the distribution of pollen genera and
aerobiological composition over an entire pollen season.

Targeted sequencing of the pollen aerobiome demonstrated that
rbcL metabarcoding has the capacity to aid the classification of taxa to
the genus level in most cases. However, it cannot always be relied
upon to produce a definitive classification, but provides researchers
with a number of options from which they can select a suitable candi-
date based on knowledge of the site and regional species distributions.
Metabarcoding showed that there are prominent plant families includ-
ing Euphorbiaceae, Amaranthaceae, Plantaginaceae, Moraceae and
Cannabaceae that are not being identified and enumerated by light mi-
croscopy. Part of the reason for this is the selection of pollen counted by
microscopy based on recognised allergenic importance coupled with
the time involved in identification and counting, which limits the diver-
sity captured by this time-consuming traditional approach.

The results of this study prompt consideration of other families
which have pollen previously associated with respiratory diseases in-
cluding Plantaginaceae, to be included in future pollen monitoring

campaigns in this region. Many of the same families were identified
by the metabarcoding data and earlier pollen monitoring studies of
Green et al. (2002), in which airborne pollen from Poaceae taxa pre-
dominated. However, the percentage distribution of the other taxa pre-
viously described being moderately higher by metabarcoding than
observed by Green et al. In relation to peak flowering times, our data
corresponded with the data of Green et al. for five of the most
prominent families described including Poaceae, Cupressaceae,
Casuarinaceae, Myrtacaceae and Urticaceae. Interestingly, a difference
in abundance observed in the pollen concentration data and the
metabarcoding data for this study was seen in the Asteraceae family,
whereby, the proportion of the pollen counted comprised 12% versus
0.6% for metabarcoding. Green et al. (2002) reported a comparable
level of airborne Asteraceae pollen comprising 0.72% of total annual pol-
len, closelymatching themetabarcodingfigures. The possibility that this
pollen is being misidentified by light microscopy seems unlikely given
the distinct surface morphology of Asteraceae pollen. While the pres-
ence of chloroplast DNA in pollen has clearly been demonstrated, it

Fig. 4. 2016/17 Rocklea pollen season data. (A) Comparison of family-level classifications between the number of pollen countedmicroscopically (grains/m3) and the BLAST analysis of the
Illumina sequence reads for airborne pollen samples. Sequence read data has been square-root transformed for presentation purposes only. (B) Heat map of OTU abundance for themost
prominent family-level classifications. Families assigned a (*) symbol signify that they were also counted by light microscopy. The hue and tone of colour reflects the abundance of
sequence read data with darker tones denoting higher sequence reads.
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remains unclear whether chloroplast DNA is present in the pollen of all
seed plant species as it has been reported missing from the sperm cells
in pollen from several taxa (Corriveau and Coleman, 1988; Zhang and
Sodmergen, 2003; Bell et al., 2016b) including certain species of
Asteraceae (Corriveau and Coleman, 1988). An alternative explanation
may be that Asteraceae pollen is under-detected by metabarcoding
due either to resistance to DNA extraction by the current protocol
and/or lower amplification efficiency due to primer bias process
(Elbrecht and Leese, 2015; Pornon et al., 2016; Pinol et al., 2018). Vali-
dating this observation, Bell et al. (2019) were frequently unable to de-
tected common ragweed (Ambrosia artemisifolia L.) with the rbcL
marker gene. However, based on our in silico analysis of Asteraceae spe-
cies typically foundwithin the Brisbane region (https://weeds.brisbane.
qld.gov.au/search/weeds?keywords=Asteraceae) it is clear that primer
bias is unlikely to be a contributing factor, as the vastmajority of rbcL se-
quences for both the forward and reverse primer should anneal (Fig. S4,
Supporting information). These possibilities require further exploration
given the allergenic importance of Asteraceae species including com-
mon ragweed (Ambrosia artemisifolia L.) which is a notifiable weed in
the Queensland region.

The capacity for DNAmetabarcoding to be scaled up from a small ex-
perimental concept, to its application across a complete pollen season
using routine equipment is valid and highly informative. However, the
field is still struggling to quantify and appropriately communicate the
level of confidence associated with individual plant taxonomic assign-
ments based on metabarcoding. Various amplicons of the internal tran-
scribed spacer (ITS) are considered as metabarcodes for plant species
classification (Chen et al., 2010; Cheng et al., 2016). Brennan et al.
(2019) observed that the ITS2 marker showed higher specificity

between species but did not detect all plants compared to the rbcL
marker, which was highly universal, but the latter marker showed
lower resolution between closely related plants. The inclusion of a sec-
ond barcode such as matK was once considered necessary for accurate
species level classification (de Vere et al., 2015), however, matK itself
has a similar low substitution rate comparable to rbcL and single
barcodes such as ITS2 among others can accurately match to species
level (Kress et al., 2005; Li et al., 2011). Realistically, it is not cost effec-
tive to implement metabarcoding applications with two markers for
routine airborne pollenmonitoring across an entire season/s. This is be-
cause costs rapidly compoundwhen analysingmultiple samples in con-
junction with the difficulty to associate the sequences from the two
separate markers in a pooled sample to the same pollen grain. Because
of this limitation, this study was confined to a single barcode for sea-
sonal aerobiome analysis. Selection of a single marker for sequencing
can lead to bioinformatic limitations, particularly with the merging of
forward and reverse reads. Our experience, echoes Bell et al. (2016b),
that the constraints imposed by the read length limit of illumina se-
quencing (300 bp), meaning the overlap between paired ends can be
as little as 10 bp with which to assemble the reads.

Using relative pollen DNA sequence abundance alone as a response
variable, it was possible to discriminate by calendarmonth and seasons
while monitoring temporal change in the distribution of pollen genera
and aerobiological composition. In keeping with the observations of
Bell et al. (2019), who found statistically significant correlations for
rbcL at the genus, species and families level (p< .001), when comparing
the number of DNA sequencing reads for each species to the knownpro-
portions of the species, we also found such a relationshipwhen examin-
ing ‘month’ and ‘season’ as factors. In spite of these being significant

Fig. 5. Principal components analysis (PCA) and redundancy analysis (RDA) based on the relative abundance of OTUs during the 2016/17 Rocklea pollen season. (A) According to the
calendar month and (B) According to the season.
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correlations, the R2 for our study (0.38) and Bell et al. (2019) (R2 =
0.328 and slope = 0.411) was weak for rbcL. Similarly, Brennan et al.
(2019) recently reported temporal patterns in distributions of specific
pollen by metabarcoding at temperate climate sites in Britain collected
using a cyclonic sampling device and in their study, month of the year
was a factor that improved their ability to predict taxonomic composi-
tion across the pollen season. While in this context, it is clear we ex-
tracted useful information using DNA sequence abundance, it must be
stated that there are limitations in obtaining accurate quantitative infor-
mation from read counts per se. Bell et al. (2016a) in their review of
DNA barcoding methods in forensic palynology, explain how the copy
number of chloroplast DNA in pollen can vary across species. This can
mean that amplification success of species in a mixed sample may not
reflect their pollen abundance. While NGS can give a semi-
quantitative measure of copy number of the amplified region within
the sample for each species, to accurately translate copy number to
the proportion of pollen grains in the sample requires information on
the copy number of the chloroplast DNA per pollen grain of each spe-
cies. With regards to inter sample variability, Bell et al. (2019) in their
quantitative assessment of pollen DNA metabarcoding using con-
structed speciesmixtures, found therewas little variation in the propor-
tion of reads for each species among replicates for either rbcL or ITS2.

A second key motivation for this project was to better understand
the patterns of exposure to pollen of subtropical grasses compared
with temperate grasses. Given differences in their allergen components,
allergy patients show specific cellular and IgE antibody responses to
Panicoideae, Chloridoideae and Pooidease pollen demonstrating the
need for estimates of airborne grass pollen concentrations at genus
level in order to provide a better understanding of the risk of allergic re-
spiratory disease (Davies et al., 2012).

Metabarcoding appeared to be useful for tracking the temporal
changes in pollen distribution for grass species, consistentwith previous
pollen concentration data for this same subtropical area, whereby the
grass pollen season showedmultiple peaks,with summer/early autumn

representing peak flowering times, regularly extended beyond spring
(Green et al., 2002; Medek et al., 2016). The data showed that multiple
peaks in airborne grass pollen observed were predominantly due to re-
peated flowering of the same Poaceae genera over the season with ap-
proximately 66% of grass genera displaying this pattern. This
observation was best exemplified by heatmap data which showed
that Chloridoideae species such as Chloris gayana and Cynodon dactylon,
and Panicoideae species such as Megathyrsus maximus and Pennisetum
setaceum had multiple peaks of airborne grass pollen across the season.
However, there were also examples of several genera flowering at dis-
tinct times such as Saccharum sp. (Panicoideae) and Sporobolus
elongatus (Chloridoideae).

The preponderance ofmultiple flowering peaks at subtropical latitu-
dinal sites is likely due to the predominance of pollen from subtropical
grasseswhich take their flowering cues primarily from rainfall and tem-
perature rather than photoperiod, as seen with the temperate grasses
(Tarumoto et al., 2005).

The ability to accurately dissect the grass species composition of the
Rocklea site via metabarcoding of routinely collected airborne pollen
samples enables more precise monitoring and better understanding of
seasonal AR burden andwhat grass pollens are present. The use of a sin-
gle barcode such as rbcL limits the ability to obtain species level identi-
fication for all taxa, however, this level of resolution may not be
required for aerobiological grass pollen distribution mapping and fore-
casting for the purposes of managing AR.

Many of the grass species identified in this study have been cor-
roborated by previous research conducted byMoss (1967)who com-
piled a flowering calendar of possible hay fever plants in Brisbane.
According to her studies, the most abundant species and highest in
pollen yield were Chloris gayana and Cynodon dactylon, which were
both from the sub-family Chloridoideae and were also the most pre-
dominant in our study. This high representation of Chloris gayana is
due to its abundance in the grassland area in the immediate vicinity
of the pollen sampling site. Moreover, many other grass species,

Fig. 6. (A) HeatmapofOTU abundance for all grass genera from theRocklea aerobiome, compared to pollen concentrations (grains/m3) countedby lightmicroscopy for the Poaceae family.
The hue and tone of colour reflects the abundance of sequence read data with darker tones denoting higher sequence reads. (B) Median-joining network of operational taxonomic units
(OTU) present within the Poaceae family clustered utilising the rbcL metabarcode. Each individual node represents an individual OTU and each different colour denotes a different sub-
family-group.
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particularly from the sub-family Panicoideae, were identified as
being abundant and corresponded with our lists e.g. Imperata
cylindrica var. major, Paspalum spp., digitaria didactyla etc. It should
also be noted, that the metabarcoding data did not detect several na-
tive species of grasses observed during the 1967 survey of Rocklea,
which led us to speculate that there has been local species diversity
loss in this region. According to in silico analysis, the majority of
these native grasses have rbcL sequences that match the 3′-clamp
of the metabarcode primers, suggesting they should have been de-
tected if present in the aerobiome (Fig. S5, Supporting information).
In fact, some of these native grasses were detected in the aerobiome,
including Sporobolus elongatus, and Imperata cylindrica. The phe-
nomenon of species loss has been observed Australia wide with the
introduction of improved pasture lines from Africa (e.g. Chloris
gayana) for the livestock industry, which generally outcompete
their native counterparts.

Flowering times in the subtropical locale of Rocklea were defined by
a series of discrete grass pollen peaks within the summer and autumn
months consistent with repeated flowering of subtropical grasses
from several genera. With the accrual of sequencing data from subse-
quent pollen seasons as well as the application of the technique to
other sites in Australia, including subtropical and temperate climates,
amore accurate understanding of Australian pollen aerobiology is antic-
ipated. In particular, knowledge of grass pollen aerobiological diversity
and phenology will assist with development of evidenced-based local
pollen forecasts to assist with public health management of grass
pollen-induced health threats including epidemic asthma (Devadas
et al., 2018; Thien et al., 2018).

The application of metabarcoding to the study of palynology has
now allowed a detailed analysis of the pollen species and distributions
comprising the pollen aerobiome. Herein, we have demonstrated that
our analysis pipeline for DNA metabarcoding of airborne pollen sam-
ples, routinely collected using a Burkard volumetric pollen and spore
trap, can provide increased resolution of temporal changes in the com-
position of environmental air samples surveyed throughout an entire
pollen season of an exemplary subtropical region. Such information is
essential if we are to monitor alterations in the distributions and com-
position of airborne pollen of allergenic significance, and more broadly
ecological trends in pollen biodiversity with climate change.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.141189.
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Fig. S1, Supp. Information 2015 Rocklea pilot study data (A) Comparison of family-level classifications between the number of pollen counted microscopically 
(grains/m³) and the BLAST analysis of the Illumina sequence reads for airborne pollen samples. Sequence read data has been square-root transformed for 
presentation purposes only. (B) Tree diagram for cluster analysis of individual OTU classified down to the genus-level from 12 environmental samples and 1 control. 
Note: Phleum pratense; Sorghum halepense; and Cynodon dactylon species were added as the mixed grass control.       
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Fig. S2, Supp. Information Heat map of OTU abundance for family-level classifications for the 2016/17 
Rocklea aerobiome. Genera hits for ≈ ≤ 50 reads have not been displayed. Families assigned a (*) symbol 
signify that they were also counted by light microscopy. The hue and tone of colour reflects the abundance 
of sequence read data with darker tones denoting higher sequence reads.  
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Fig. S3, Supp. Information Spearman's rank correlation coefficient between the numbers of rbcL 
sequence reads and pollen concentrations (Grains/m3) according to prominent families counted 
microscopically. A value of p < 0.05 was considered statistically significant and values coloured 
orange.    
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Fig. S4, Supp. Information In silico analysis showing lack of primer bias of Asteraceae species of the CBOL (2009) rbcL DNA barcode, believed to exist in the greater Rocklea 
region as listed by the Brisbane City Council Weed Identification website (https://weeds.brisbane.qld.gov.au/search/weeds?keywords=Asteraceae) using rbcL sequences 
sourced from NCBI as of the 03/06/2020.  (A) Multiple sequence alignment using ClustalW against the forward metabarcoding primer for rbcL annotated with a blue arrow. (B) 
Multiple sequence alignment using ClustalW against the reverse metabarcoding primer for rbcL annotated with a blue arrow. All SNPs are highlighted in sequences.        
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Fig. S5, Supp. Information In silico analysis showing lack of primer bias of Australian grasses, both native and introduced, of the CBOL (2009) rbcL DNA barcode as identified by 
Moss (1967)* in the Rocklea study region using rbcL sequences sourced from NCBI as of the 03/06/2020. (A) Multiple sequence alignment using ClustalW against the forward 
metabarcoding primer for rbcL annotated with a blue arrow. (B) Multiple sequence alignment using ClustalW against the reverse metabarcoding primer for rbcL annotated with a 
blue arrow. All SNPs are highlighted in sequences. *Moss, J.E. (1967). A flowering calendar of possible hay fever plants in Brisbane. The Medical Journal of Australia, 1, 270-272.       
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